Purpose: To investigate the effect of cast modifications on denture base adaptation in coronal and sagittal projections following maxillary complete denture processing. Materials and Methods: A total of 60 edentulous maxillary casts (n = 10) were distributed among six groups. Group 1 was the control group with no modification, groups 2 through 6 included a butterfly postdam preparation, groups 3 and 4 also included a 10-mm wide/4-mm deep box with addition of four round holes in group 4, and groups 5 and 6 also included a 20-mm wide/4-mm deep box with addition of four round holes in group 6. The boxes were prepared at the mid-heel area of the casts. Two layers of baseplate wax (1 mm each) were used to standardize denture base thickness across the groups. A standard technique was used to replicate the denture tooth set-up, and standardized processing was done for all the groups. Following deflasking, casts with the dentures were sectioned in the coronal and sagittal directions. Microscopic pictures were taken at preselected points. Data were organized in tables, and statistical analyses were performed using repeated measure ANOVA, Tukey post hoc tests, and post hoc comparison tests set at 5% level of significance. Results: Maximum gaps were measured at the mid-palatal area followed by nearby areas and the areas near ridge crests in both coronal and sagittal projections. The analyses revealed significant differences between the groups in coronal projection (1/2, 3/4, 5/6) and sagittal projection (1, 2, 3/4, 5/6) without significant differences within the pairs. The groups were ranked from the highest group 1 to the lowest group 6 relative to the gap means. Post hoc comparisons showed that points 1C and 2A had the highest gap means across the study groups. Conclusions: Within the limitations of this study, it can be extrapolated that the denture base adaptation can be effectively increased with the box preparation at the mid-heel aspect of the casts. Significant reduction of gaps was seen when the box size increased from 10 to 20 mm in coronal and sagittal projections; however, the addition of four holes had no significant effect on gap size alterations.
Polymerization shrinkage is one of the important factors that need to be considered while fabricating a complete denture. Literature shows that the linear and volumetric polymerization shrinkage to be around 1% and 7%, respectively. 1 Following processing of a denture, two main factors should be observed: changes in spatial relationship of the denture teeth relative to the alveolar ridges compared to the try-in appointment, and adaptation of the denture bases to their respective casts.
It is well established that tooth movement occurs in complete dentures while processing. 2 Various techniques and materials have been tried and studied to reduce the effects of volumetric shrinkage during polymerization. [3] [4] [5] [6] Jamani et al 7 reported that thick denture bases (2.5 mm) showed more denture tooth movement when compared to thin bases. However, Mazaro et al 8 showed that the intermediate denture base thickness (2.5 mm) is an ideal denture base thickness, in which the overall dimensional changes were almost negligible. Studies have also focused on the adaptation of the denture base as it remains an important factor in prosthesis retention. 9, 10 It has been documented that the adaptation of the denture is less in the mid-palatal region than in the ridge areas, 11 and that reduced adaptation becomes more crucial at the denture borders, as it can lead to loss of seal. When the palatal vault depth was considered, the gap remained more generalized in the shallow palate as compared to the steep palate, 12 although it was not found to be significantly different. 13 Many anchoring systems have been proposed for reducing the gap between the denture base and the cast following processing. Vig 14 suggested that the placement of a palatal extension in the mid-heel of the cast might prevent the anterior movement of the denture teeth and their respective bases. Ristau suggested placing a Ristau postdam in the postpalatal seal area, which helps in maintaining the contact between the denture base and the cast. 15 In addition, Laughlin et al 16 showed that anchoring holes, when provided at the posterior palatal seal areas, are helpful in reducing the gap between the denture base and the cast, which in turn increases the adaptation of the denture base. Recently, Sayed et al 17 demonstrated that the modification of the maxillary cast on the posterior mid-heel area (i.e., box preparation) showed less tooth movement related to the cast following polymerization. Therefore, the purpose of this study was to investigate the effect of cast modifications on denture base adaptation and to compare the gap sizes, measured between denture bases and their respective casts, across the study groups in coronal and sagittal projections.
Materials and methods

Specimen preparation and measurements
Sixty edentulous maxillary casts were included in this study. The casts were arranged in six groups (n = 10). The first group was used as control, while the other five groups included cast modifications. Two vertical indexing grooves were prepared in the standard cast at the approximate location of maxillary second molar. The standard cast was duplicated using silicone duplication material (Dupliflex; Protechno, Girona, Spain) to generate two representative casts. No modification was done on the cast of group 1. In group 2, a butterfly postdam preparation was done using an arbitrary technique. The dimensions of the butterfly preparation were 6 mm in maximum width at the glandular zone and 1.5 mm in maximum depth at the center, which faded away bilaterally. The cast of group 2 was duplicated twice to generate the representative casts of groups 3 and 5. In group 3, an additional vertical box was prepared at the mid-heel area extending from the posterior aspect of the postdam preparation. The shape of the box was semicircular with dimensions of 10 mm in width and 4 mm in depth. The cast of group 3 was duplicated to generate the representative cast of group 4. In addition to the box in group 4, four round holes of 1 mm width and depth were prepared the center of the box. In group 5, in addition to the butterfly postdam preparation, a similar vertical box was prepared at the mid-heel aspect of the cast with dimensions of 20 mm in width and 4 mm in depth. The cast of group 5 was duplicated to generate the representative cast of group 6. In addition to the box in group 6, four round holes of 1 mm width and depth were prepared at the center of the box. Once all the representative casts of the groups were ready, duplication was done to obtain 10 casts in each group. All the casts included in this study were poured in type IV laboratory stone (Lab Stone; Dentsply, York, PA) following the manufacturer's instructions and using a vacuum mixer (Mix-R; Dentalfarm, Torino, Italy) and vibrator (MiniExport; Dentalfarm).
Two layers of baseplate wax (1 mm each) were used to standardize denture base thickness across the groups. An ideal denture tooth setup, up to the first molar, was done on a cast of group 1. A standard technique was used to replicate the denture tooth setup on the casts of all groups (Fig 1) . All specimens were processed using Vertex heat-cured acrylic resin (Vertex-Dental B.V, Zeist, The Netherlands) following manufacturer instructions. Following deflasking, the dentures were kept attached to their respective casts. Two cuts were planned to study the gaps between the acrylic denture base and stone cast. A coronal cut was made through the index grooves placed near the heel of the casts and a sagittal cut made through the midline (Fig 2) . To standardize the cuts throughout the specimens, two custom-made mounting jigs were fabricated using metallic plate and splash regular putty (DenMat, Lompoc, CA). The mounting jigs were used to consistently mount all specimens on a precision machined saw (ISOMET 1000; Buehler, Lake Bluff, IL). The casts were additionally stabilized on the jig using rubber bands. Cutting was done under copious water irrigation at horizontal arm position of 5 mm, speed of 500 rpm, and load of 150 g. Following the coronal cut, seven points for measurements were marked on a selected cast. The points were: intaglio of the buccal flange 2 mm away from vestibule (points 1A1 and 1E2), crest of the ridge (points 1A2 and 1E1), horizontal palatal shelf halfway between crest of the ridge and mid-palatine raphe in both sides (points 1B and 1D), and midline (point 1C) (Fig 3A) . A guide putty jig was made to locate these points consistently on all the casts. A metallic ruler was used to calibrate the measuring microscope (Model SZX-ILLB100; Olympus Optical Co. Ltd, Tokyo, Japan), and a magnification power of 6.25 was chosen to examine the gaps between the denture bases and their respective casts. A customized putty jig was used to mount the specimens on an adjustable horizontal table with the cast heel area facing the microscope lens. The pictures for coronal projection were taken for measurements using a computer-based image analysis software (2014 v14.1.60; Bioquant Osteo, Nashville, TN), which was connected to the microscope.
The casts were again mounted on the machined saw for sagittal cutting through the midline. In this projection, five points were selected: 2 mm anterior to the previously made coronal cut (point 2A), 4 mm anterior to the first point on the flattest palatal plane (point 2B), central part of rugae area (point 2C), crest of the ridge (point 2D), and intaglio surface 2 mm away from vestibule (2E) (Fig 3B) . A guide putty jig was made to locate the points in sagittal projection upon measurements.
The specimens were mounted again on the microscope, using a putty jig, for taking the second set of pictures at the same microscopic setting. Gap measurements were done at the selected points by one expert investigator (MS) to minimize measurement errors. Measurements were done thrice for each point and then averaged.
Data analysis
The recorded data was entered in a Microsoft Excel Spreadsheet (Microsoft Inc, Redmond, WA). Data were organized in tables, and statistical analyses were performed using repeatedmeasure ANOVA and Tukey post hoc tests to identify statistical differences in gap measurements within and between the six groups. Post hoc comparison tests were done to investigate the differences between the points and rank them per cutting projection. For all analyses, a p-value < 0.05 was regarded as statistical significance. Data were analyzed using SPSS 20 statistics software (SPSS Inc., Chicago, IL) set at 5% level of significance. Table 1 presents the means of measured gaps and the results of repeated-measure ANOVA in coronal projection. It shows statistical significant differences in gap means between the paired groups 1/2, 3/4, and 5/6 without differences within the pairs (p < 0.0001). Groups 1 and 2 showed the highest gap mean values, while 5 and 6 presented the lowest gap mean values. Comparisons between the points revealed that point 1C has the highest gap means across the study groups followed by points 1B/1D, 1A2/1E1, and 1A1/1E2 without differences between the paired points (p < 0.0001). Microscopic pictures representing gaps at point 1C in coronal projection are shown in Figure 4 . Similarly, Table 2 shows significant differences in sagittal projection between the groups 1, 2, paired groups 3/4 and 5/6 without significant differences within the pairs (p < 0.0001). The rank among study groups with regards to gap means is quite similar to horizontal projections, with the exception of a stastically significant difference between groups 1 and 2. Post hoc comparisons were done to weigh differences) between the gaps at each point. (p < 0.0001). Point 2A has the highest gap means across the study groups followed by points 2B, 2C, 2D, and 2E. To further evaluate within and between subject effects, post hoc tests revealed significant differences of at least one point and group when compared to others, respectively. Multi-level interaction between points and groups shows statistical significance at least in one level relative to others (p < 0.0001) ( Table 3 ). Graphic comparisons with regard to gap means, in millimeter, between the study groups and points in both coronal and sagittal projections are presented in Figures 5 and 6 .
Results
Discussion
In this study, significant differences were observed in gap measurements in both coronal (Groups 1/2, 3/4, 5/6) and sagittal projections (Groups 1, 2, 3/4, 5/6); however, the maximum gap in coronal projection was seen in the mid-palatal area among all the study groups followed by the adjacent palatal areas and the areas near the ridge crests, while in sagittal projections the maximum gap was observed in the posterior palatal area, which progressively decreased anteriorly. Modification of the maxillary cast in the mid-heel area proved to be beneficial in restricting the movement of the resin away from the casts. The groups that used the modified (boxed) casts, especially in groups 5 and 6, presented closer palatal adaptation on their respective casts in comparison to nonmodified groups, which may suggest better denture base adaptation in the patient's mouth and therefore better retention. Denture base adaptation increased with the increase in size of the box, although the addition of the holes did not have much of an effect.
Polymerization shrinkage has been commonly reported during processing of dentures (polymerization of PMMA). 18 This Table 2 Mean and standard deviation (±SD) of the gaps in millimeters at each point in the sagittal projection for all study groups results from the formation of long-chain PMMA molecules during the curing reactions. 19 This polymerization shrinkage has clinical implications and is partially the rationale for development of a postdam. The postdam compensates for the gap in the intaglio surface at the distal edge of the denture that could potentially allow air to penetrate between the denture base and the mucosa. The shrinkage commonly occurs toward the bulk of the resin and away from the mucosal surface. 20 The purpose of this experiment was to design a mechanical interlock that would restrain the direction of polymerization shrinkage and allow closer adaptation of the denture base to the intaglio surface of the cast after processing. Polymerization shrinkage occurs three dimensionally and can be observed in the mid-palatal areas as well. While the use of pastes to relieve the area of premature contact can be helpful in reducing the effect of shrinkage, this is time consuming and reduces the patient's trust in the clinician's competency.
The findings of this study suggest that the more complex the geometry of the resistance area, the lesser the gap resulting from polymerization shrinkage. The box restrains the polymerization shrinkage to lessen the tendency of the resin to shrink toward the greatest bulk of material. The polymerization process is a complex one and has two phases, the first of which is a chemically mediated polymerization that results from the development of long chains of PMMA. This results from chemical linkage of PMMA particles with the methyl methacrylate monomer. It is the primary cause of the observed shrinkage. The second phase occurs after the production of the long-chain PMMA as the polymer mass cools below the glass transition temperature. This shrinkage has been suggested as the cause for denture tooth movement and is likely associated with distortion of the palatal area of the denture. The linear shrinkage has been reported as 0.69% and is not present in chemically cured PMMA. 19 It has also been reported that dentures that have been placed in water bath, or inserted intraorally after curing, demonstrate expansion and compensate for the polymerization shrinkage. Indeed they show some reversal of the polymerization shrinkage that occurs during curing. 21 This process, plasticization, in which water molecules allow slippage of the long-chain polymers adjacent to each other, release strains in the resin that developed as the denture cools below the glass transition temperature. 19 The use of the strategies described in this study to restrict shrinkage will result in increased stresses in the denture adjacent to the rigid stone investment material. While there is a tendency to release these stresses that may allow the material to distort when decasted, placement of the denture in water allows plasticization of the resin and minimizes the need for stress relaxation. 22 The results of this study suggest that the areas of the denture base that show the least distortion are those closer to the ridge areas. This likely resulted from the complex 3D geometry in those areas. In the mid-palatal and posterior areas where the geometry of the cast is simpler, the distortion is greater.
The use of a complex 3D geometry, via introduction of box preparation, appears beneficial to minimize the thermal shrinkage associated with processing the denture. Furthermore, placement of the denture into water following polymerization will allow further plasticization to maintain the reduced shrinkage observed while the denture is still in place on the master cast.
While these findings are clearly of a clinical value, the advent of novel technologies such as CAD/CAM milling of denture resins calls into question the need for improvements in the current denture laboratory procedures. A comparative study to investigate the effect of fabrication technique on denture base adaptation revealed that CAD/CAM dentures showed the highest adaptation accuracy when compared to the conventional techniques. 23 However, a nationwide survey has found that 10% or fewer of U.S. dental schools use CAD/CAM technology for denture fabrication, while the rest still use the conventional techniques. 24 However, because of the high equipment cost and the need for extensive training to get familiar with such technology, the adoption of these novel technologies is prohibitive. Thus, the need to improve and modify the conventional denture processing techniques still exists. Future research to compare between denture bases made on modified casts using the conventional flasking technique and modern techniques such as injection-mold and CAD/CAM is needed.
Conclusions
Within the limitations of this study (n = 10) the following conclusions can be drawn:
1. The gaps between the denture bases and their respective casts could be effectively reduced with the box preparation at the mid-heel aspect of the casts. 2. Significant reduction of gaps was seen when the box size increased from 10 to 20 mm in coronal and sagittal projections; however, the addition of four holes had no significant effect on gap size alterations. 3. The largest gaps were seen in groups 1 and 2, thus the butterfly postdam preparation alone is not sufficient to compensate for polymerization shrinkage of the denture base upon denture processing.
